Regional left ventricular distribution of abnormal segmental relaxation evaluated by strain echocardiography and the incremental value over annular diastolic velocities in hypertensive patients with normal global diastolic function Aims Diastolic dysfunction (DD) identifies patients with increased cardiovascular risk. The aim of this study was to investigate the regional distribution of abnormal segmental relaxation in hypertensives with normal global DD and to demonstrate the incremental value of strain echocardiography over annular diastolic velocities and global indices of DD derived by conventional echocardiography.
Introduction
Does this patient have diastolic dysfunction (DD)? This is a common question in clinical cardiology and medical practice. The answer conveys important prognostic information, as it is well known that DD identifies patients with increased cardiovascular risk. 1 Hypertension constitutes one of the most common causes of DD and is a major contributor to the pathogenesis of a large proportion of heart failure cases in a population-based sample. 2 The employment of global indices of diastolic function [deceleration time (DT), isovolumic relaxation time (IVRT), and E/A] derived by conventional echocardiography is an established method for the diagnosis of diastolic abnormalities, which are often present in patients with systemic hypertension. 3 Moreover, tissue Doppler indices of mitral annular diastolic velocities demonstrate a linear relation with regard to the progression of diastolic abnormalities, and may be more robust parameters for the detection of DD. 4 Strain echocardiography is a relatively recent method that is used for the evaluation of systolic and diastolic left ventricular (LV) function, irrespective of translational motion and tethering effects of adjacent segments. 5 Recent evidence suggests that altered segmental relaxation (SR E /SR A ,1.1) based on strain echocardiography, may be a better method to evaluate early changes in diastolic function, as it is evident before global indices of DD become informative. 6 In our previous investigation, 7 we explored the evidence of segmental DD in relation to the progression of hypertensive heart disease and the symptomatic status. In the current study, we report regional relaxation per se and we demonstrate the segmental distribution of altered relaxation, examining its relation to the 'more robust' mitral annular velocities, in middle-aged controls and hypertensive patients without global DD based on blood-pool indices (DT, IVRT, and E/A).
Thus, the aim of this study was to investigate the regional distribution of abnormal segmental relaxation in hypertensive patients with normal global DD, and to demonstrate the incremental value of strain echocardiography based on regional abnormal relaxation over mitral annular diastolic velocities and global indices of DD derived by conventional echocardiography.
Methods

Study participants
The study population consisted of 70 participants, 35 patients with essential hypertension and 35 non-hypertensive middle-aged volunteers as a control group who met the inclusion criteria. These patients were recruited from the hypertensive (HTN) outpatient clinic and the echocardiography department. The main entry criterion was that the participants had no evidence of global DD (age or disease-related), based on 'conventional' indices of diastolic function. Patients were also excluded if they were not in sinus rhythm, or if they had a history of coronary artery disease, regional wall-motion abnormalities, mitral or aortic stenosis, congenital disease, cardiomyopathy, mitral or aortic regurgitation, pericardial disease, or cor pulmonale. The control group consisted of volunteers who were normotensive, according to their BP measurements and medical records. Advanced age, in some participants, appeared to be the main risk factor for DD in the control group. All hypertensive patients originally had greater than or equal to grade-1 essential HTN (systolic.140 mm Hg, diastolic.90 mm Hg, or both) according to their medical records and were currently under medical treatment.
All participants were initially evaluated for global DD, according to known standard echocardiographic criteria of the European working group, as follows: E/A ,50y ,1.0 and DT ,50y .220 ms, E/A .50y ,0.5, and DT .50y .280 ms, and/or IVRT ,30y .92 ms, IVRT 30-50y .100 ms, IVRT .50y .105 ms, and/or pulmonary S/D ,50y .1.5 or S/D .50y .2.5, and/or E/Ea.15. 4, 8 The Valsalva manoeuvre, along with pulmonary venous recordings and annular tissue Doppler tracings, was applied in all the participants in order to avoid a pseudonormal type of DD. The diagnosis of pseudonormalization of the mitral inflow pattern was based on the evidence of elevated pulmonary venous A wave velocity (.35 cm/s); the prolonged duration of pulmonary venous atrial flow velocity by more than 30 ms, compared with the duration of mitral atrial flow velocity; and the restoration of the impaired relaxation pattern of the mitral inflow during Valsalva, as proposed by respective guidelines. 8 The study was approved by the local research committee.
Echocardiography
All participants were studied by standard two-dimensional and Doppler echocardiography. We used equipment (Aplio model SSA-770A, Toshiba) with a phased-array transducer (2.8-4.5 MHz). Parasternal and apical projections were obtained according to the recommendations of the American Society of Echocardiography (ASE). 9 LV EF was derived from Simpson's modified biplane method. 10 LV mass was estimated with the area-length formula as described in detail in the ASE document on LV quantification. 10 LV mass index (LVMI) was then calculated by the formula: LV mass/ body surface area. Relative wall thickness (RWT) was estimated according to the formula: RWT ¼ 2 Â posterior wall thickness/LV end-diastolic diameter.
Pulsed wave Doppler of transmitral LV inflow was performed in the apical four-chamber view, with the sample volume placed at the level of the mitral valve tips. The following measurements of global LV diastolic function were determined: peak velocities of E and A waves and their ratio E/A, deceleration time (DT) of the E wave, LV isovolumic relaxation time (IVRT), and pulmonary venous recordings. Pulsed wave tissue Doppler recordings from the septal and lateral sites were also recorded from the apical four-chamber view. A pulsed sample volume of 5 mm was placed over the mitral annulus and the average of three consecutive cardiac cycles of peak diastolic velocities during early filling (Ea) and late (Aa) were measured. Mean Ea was estimated by averaging the septal and lateral values. LV filling pressures were estimated by calculating the ratio E/Ea mean.
Longitudinal (meridional) end-systolic wall stress was calculated according to the formula:
11 longitudinal end-systolic wall stress ¼ SBP Â R/2WT (1 þ WT/R), where R is the end-systolic radius, WT the wall thickness, and SBP the systolic blood pressure. Pulse pressure (PP) was estimated by the formula: PP ¼ SBP 2 diastolic blood pressure (DBP). Mean arterial pressure (MAP) was estimated by the formula: MAP ¼ DBP þ 1/3 (SBP 2 DBP).
Doppler tissue imaging samples acquisition for strain-rate analysis
Doppler tissue images of the cineloops of three cardiac cycles from the lateral, inferior-septal, anterior, inferior, anteroseptal, and posterior wall, from the apical four-, three-, and two-chamber views were acquired separately at end-expiratory apnoea and were stored digitally. To optimize the tissue velocity signals, the twodimensional image was optimized to obtain a clear differentiation between the myocardium and the blood pool. We used the narrowest image sector angle possible (308) to achieve the maximum colour Doppler frame rate, typically greater than 150 frames/s. The recorded wall was positioned in the centre of the sector, so that the direction of motion interrogated was as near as possible parallel to the direction of the insonating beam, giving an insonation angle ,158 in all the recordings, to avoid underestimation of values as a result of angle dependency. The insonation frequency was set at 2.8 MHz. Filter harmonic imaging was set as a standard for all the recordings. The PRF was adjusted accordingly to avoid aliasing, and was typically set at around 4.2 kHz.
Strain-rate offline analysis
Analysis of strain rate (SR) parameters was performed offline, using the incorporated program of the previously mentioned system (USTQ-770A Aplio, Toshiba). One sample volume region of interest (ROI) of 6 Â 9 mm was placed at the basal part of each LV segment in the longitudinal axis, so that there was no migration beyond the limits of the selected myocardium. An automatic ROI tracking mode was activated to ensure that the measurements reflected the motion of a myocardial tissue segment throughout the cardiac cycle. Eighteen LV segments were assessed for segmental DD. Early and late diastolic SR parameters, SR E and SR A , of basal, mid, and apical segments were recorded separately from each LV wall in the longitudinal direction. SR E /SR A of ,1.1 was regarded as an index of altered segmental relaxation-segmental DD. 6 The total number of segments with altered segmental relaxation was calculated for all the participants and presented as segmental DD. The mean value of SR E/A from the six basal, six mid, and six apical regions out of the 18-segment model was also calculated and presented as mean basal, mid, and apical relaxation. Participants who had more than three of their LV segments suboptimal for SR analysis were originally excluded from the study.
Statistical analysis
Data were analysed using software (SPSS 12, SPSS Inc, Chicago, IL, USA). Continuous variables, expressed as mean + SD, were compared using Student's t-test for independent groups. Pearson's correlation was used to evaluate univariate linear relations. Global indices of diastolic function (DT, IVRT, and E/A) and mitral annular velocities (septal Ea and mean Ea) were put into a multiple regression model as independent predictors with segmental DD as a dependent parameter, in order to investigate the relation of echocardiographic parameters with abnormal segmental relaxation. ROC curves were also constructed in order to detect a cut-off value of septal Ea for prediction of at least two segments with abnormal relaxation. Bland-Altman's plot of differences was used to assess intraobserver variability of SRe, SRa, and SRe/a in 20 randomly selected myocardial segments.
A P-value ,0.05 for a two-tailed test was considered significant.
Results
Characteristics of the study population
The general echocardiographic parameters and clinical details of the study groups are summarized in Tables 1 and  2 . The majority of the 'normal' individuals, as well as the hypertensives, were between the fourth and fifth decade of their life. Men slightly outnumbered women in the control group. Systolic BP, MAP, and PP were higher in hypertensive patients than those in the control group, despite the fact that the hypertensive patients were under medical treatment. The hypertensive individuals had marginally higher hypertrophy and were slightly more obese (higher BMI) than those in the control group. The majority of the patients were taking ACE inhibitors, b-blockers, Ca-blockers, diuretics, and a-blockers following in a descending order. Longitudinal wall stress was similar in both groups.
Diastolic dysfunction and abnormal segmental relaxation
Global indices of DD (DT, IVRT, and E/A) appeared to be within the normal range in both groups; however, a trend of more deteriorated values in hypertensive patients was apparent. Mitral annular septal and mean early diastolic velocities were significantly decreased in the hypertensive group when compared with the control. Filling pressures (E/Ea) were kept at low levels in both groups, as was expected ( Table 2 ). The control group appeared to have segments with abnormal relaxation, probably due to the aging process, that were undetected by the global indices of DD.
Similarly, global indices of DD could not clearly detect the presence of segmental DD in the hypertensive group, although that the hypertensive patients had more pronounced segmental DD compared with the control ( Table 2) .
Abnormal segmental relaxation with normal septal mitral annular velocity
When segmental relaxation was analysed from individuals (n: 16 out of 70), derived from the whole number of participants, with 'normal' septal mitral annular Ea/Aa . 1, septal Ea ¼ 9.7 + 1.5 cm/s, normal lateral mitral annular Ea/Aa .1, and mean Ea ¼ 10.9 + 1.5 cm/s, it revealed that they had evidence of abnormal segmental relaxation with segmental DD ¼ 2.7 + 1.6. The most affected region in those patients was the basal septal wall.
Abnormal segmental relaxation
with septal mitral annular velocities Ea/Aa 5 1 When segmental relaxation was analysed from participants (n: 14 out of 70) with septal mitral annular Ea/Aa ¼ 1, septal Ea ¼ 9.1 + 1.4 cm/s, normal lateral mitral annular Ea/Aa . 1, and mean Ea ¼ 10.4 + 1.4 cm/s, it revealed that they had evidence of abnormal segmental relaxation with segmental DD ¼ 3.7 + 1.7. Most of the affected regions were at the basal and mid-septal, and basal inferior walls.
Abnormal segmental relaxation and myocardial topography
Both groups had a distribution of segmental DD starting from the base and extending towards the apex of the left ventricle, and as a result, apical regions were less-affected compared with basal parts (Figure 1 ). This was also evident from the regional relaxation per se (Table 3) , in which there was a progressive deterioration of SRE and SR E/A values from apex to base direction, most apparent in heavily affected walls and in hypertensive patients. Specifically, the septal wall at the basal region appeared to be the most compromised area in middle-aged individuals (control), followed by the basal inferior wall ( Table 3 and Figure 1 ). The lateral wall, in general, appeared to be the least affected region, especially with regard to mid and apical segments.
Hypertensive patients had lower mean relaxation at basal, mid, and apical zones compared to controls ( Table 3 and Figure 2 ), with more pronounced abnormal relaxation at basal parts. This abnormal relaxation particularly affected the basal septal, basal inferior, and basal anterior regions ( Figure 1 and Table 3 ). Similarly, the lateral wall appeared to be the least-affected region (Figure 1) .
Correlations of abnormal segmental relaxation
Univariate correlations of segmental DD with clinical and echocardiographic parameters are summarized in Table 4 . In subjects with normal global diastolic function based on blood pool-derived indices, abnormal segmental relaxation (segmental DD) was better correlated with septal Ea, mean Ea, and septal Ea/Aa than with DT, IVRT, and E/A. When global indices of diastolic function (DT, IVRT, and E/ A) and mitral annular velocities (septal Ea and mean Ea) were put into a regression model in order to investigate their association with the change in segmental relaxation, only septal the Ea and mean Ea proved to be independent predictors of segmental DD ( Table 4) .
ROC curves for septal Ea in order to predict at least 2 segments with abnormal relaxation
ROC curves were constructed in order to detect a cut-off value of inferior-septal Ea in order to predict at least two segments with abnormal relaxation. According to our results, a value of septal Ea 9.9 cm/s had an 87.2% sensitivity (95% C.I. ¼ 74.2-95.1) and 66.7% specificity (95% Figure 1 Bar graphs representing the regional distribution and (%) incidence of segmental DD in middle-aged controls (white) and hypertensive patients (black). B-M-A¼basal-mid-apical. The dashed lines designate the limits of incidence at the 30, 50, and 70% levels. Note the very low incidence of segmental DD at the lateral wall particularly at the mid and apical regions, and the high incidence of segmental DD at the septal and secondary, the inferior regions. More prominent abnormal relaxation at the basal regions is apparent in both groups. 
Discussion
According to our findings, both hypertensive patients and 'normal,' middle-aged individuals without evidence of DD based on global 'conventional' indices appeared to have segmental DD based on strain echocardiography. Hypertensive patients, however, had more pronounced abnormal segmental relaxation when compared with the control group. In middle-aged individuals (control), the basal parts of the myocardium, and particularly the septal and secondary, the inferior wall, had been more heavily affected.
Hypertensive patients had even more deteriorated regional relaxation at the basal parts of the myocardium, but the lesions were more extended towards the mid and maybe apical areas in some cases.
We also demonstrated that in individuals who had 'normal' mitral annular diastolic velocities, there was evidence of abnormal segmental relaxation based on strain echocardiography. Blood pool-derived indices of DD, failed to predict small changes in segmental relaxation when it occurred in the early stages of DD and in the context of 'normal' global diastolic status. Contrary to global indices, the absolute value of septal Ea appeared to predict the presence of segmental DD.
Diastolic dysfunction
DD has been extensively investigated in previous studies, which have shown that exaggerated myocardial fibrosis, [12] [13] [14] [15] intrinsic myocyte impairment, 16 ,17 microvascular ischaemia, 18 loading effects, 19 and humoral substances such as the renin-angiotensin-aldosterone system are among the principle causes of diastolic abnormalities in systemic hypertension. 20 Further evidence indicated that morphometrically determined interstitial and perivascular fibrosis, rather than hypertrophy, is responsible for abnormal myocardial diastolic stiffness. In our study, hypertensive patients appeared to have more extensive segmental DD, and more deteriorated mean basal, mid, and apical relaxation when compared with non-hypertensive controls. This evidence supports previous findings that document the presence of diastolic abnormalities before the appearance of clinically significant left ventricular hypertrophy, 22, 23 with intrinsic myocardial abnormalities probably playing a crucial role at that stage. In fact, although our patients had slightly higher WT and LVMI, the hypertrophic state was below the limits of overt hypertrophy.
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Global indices and segmental diastolic dysfunction
The advantage of segmental DD over global indices of DD has been also demonstrated by previous studies. 6, 7 Indeed, global indices (DT, IVRT, and E/A), as shown in Table 1 , were still within normal limits in both groups, with a trend of deterioration in the hypertensive group, when significant regional diastolic abnormalities based on strain echocardiography were already present ( Table 2 and Figures 1 and 2) . This is reasonable to be happening, as DD advances progressively, and global indices of DD start to become positive only when the regional lesions cover more than 50% (9/18) of the myocardial segments. 6 As a result, small changes of segmental relaxation may be undetectable by global blood-flow-derived indices.
Myocardial topography
Perhaps the most significant finding in our study is related to the topography of the segments with abnormal relaxation. In general, based on segmental DD, SRE/A, and SRE, basal parts were more affected than apical regions ( Figure 1-4 and Table 3 ). Septal and inferior walls were more affected when compared with all other myocardial walls, and the lateral wall appeared to be the region most resistant to Figure 2 Bar graphs representing the mean relaxation at the basal, mid, and apical regions between the middle-aged non-hypertensive control (white bar) and the hypertensive patients (black bar) with normal global indices of diastolic dysfunction (DD). The basal, mid, and apical values represent the average of the six LV segments that correspond to that region. The dashed line represents the cut-off for regional DD at the 1.1 level. Note that although the hypertensive patients had lower relaxation in all regions when compared with the control, only their basal zone appeared to have a mean value below the cut-off for DD, and probably for that reason, global blood-flow-derived indices were only slightly deteriorated. diastolic abnormalities. Our observations confirm previous findings 6 showing that with the progression of diastolic abnormalities, SR E and SR E/A are decreasing whereas SR A is increasing. The latter is particularly prominent at the basal myocardium, compared with apical territories, probably due to the anatomical proximity of the left atrium to the basal regions.
Previous findings have suggested that regional wall stress, and for that, regional wall thickness, are increased at the basal parts of the myocardium rather than in the apical regions. This was particularly true for the septal compared with the lateral wall and hence myocardial function/deformation might be more compromised in those regions. 24, 25 Furthermore, left ventricular functional abnormalities are associated with modifications of wall curvature, which determines the effect of regional wall stress on LV function. 26, 27 Therefore, inter-segmental wall stress, regional wall thickness, and previously observed curvature differences probably play crucial roles in mediating the presence and the progression of segmental abnormal relaxation in the myocardium, and therefore, might be responsible for the observed distribution of segmental DD in our study.
Mitral annular diastolic velocities and segmental diastolic dysfunction
Tissue Doppler imaging and, in particular, early diastolic velocities of the mitral annulus (septal, lateral, or mean) have been recently introduced for the evaluation of diastolic function. 28, 29 However, according to our findings, individuals with normal septal and mean Ea appeared to have evidence of abnormal segmental relaxation. Two plausible explanations could account for this finding:
(1) As presented in Figure 3 , the change in septal Ea value is related to the progression of abnormal relaxation along the septal wall, starting from the base and advancing towards the apex. As a result, when abnormal relaxation is present at only the base of the septal wall (or 1/3 of the septal region), the Ea still remains within normal limits. When abnormal regional relaxation becomes more extensive along the wall, affecting the two-thirds or the whole of the respective area, Ea value further decreases, becoming equal or lower than Aa and ending up as a clear DD (Ea/Aa , 1). (2) When annular inferior-septal Ea appears to be within normal limits, but the basal part of this wall experiences regional abnormal relaxation, other basal regions might have been also affected at the same time (anteriorseptal, inferior, and/or anterior). This gives rise to the phenomenon of segmental DD with normal septal annular velocities.
Prediction of segmental diastolic dysfunction
While segmental DD may be apparent early on, with annular velocities being within normal limits, when regional diastolic abnormalities progress and become more extensive, contrary to global indices of DD, the absolute value of annular inferior-septal Ea can be an independent predictor of segmental DD. This is reasonable, as the infero-septal wall appears to be the most heavily affected area, and can demonstrate regional DD with normal global diastolic indices. Even though the lateral wall was found to be the leastaffected region, we also found evidence that mean Ea also predicted segmental DD, obviously influenced by the presence of infero-septal lesions.
Clinical implications
Our study demonstrated the distribution of altered segmental relaxation in individuals with normal global indices of DD. It was also illustrated the superiority of regional relaxation based on strain echocardiography, over annular diastolic velocities, and global indices of DD for the detection of early regional diastolic abnormalities. In addition, the absolute value of annular septal Ea proved to be a better predictor for the presence of regional diastolic abnormalities (segmental DD) than global blood pool indices of DD.
These findings might have important implications for earlier diagnosis of diastolic abnormalities in clinical practice and will contribute to earlier risk stratification and therapeutic decision making for patients at high risk for DD.
Limitations
Independent confirmation of global DD using invasive haemodynamic measurements as a reference standard was not performed. However, Doppler-derived indices have been validated against tau, and have been widely used to assess global DD in large, population-based studies. Moreover, there is no known reference standard in humans that is able to detect segmental DD in the context of normal global DD. Evaluation for the presence of ischaemic heart disease was not performed in all the participants in this study. However, there was no evidence of wall motion abnormalities, abnormal ECG findings, or chest pain on exertion among the participants.
The effect of antihypertensive medications on LV diastolic function could not be predicted with accuracy, as most of the patients were taking a combination of drugs. Global blood-pool-derived indices may have been more affected by medications and changes in preload or afterload, when compared with tissue-derived and strain-rate indices.
Conclusion
Among individuals with normal global indices of DD derived from conventional echocardiography, hypertensive patients have more extensive abnormal segmental relaxation when compared with middle-aged, non-hypertensive controls. Abnormal segmental relaxation might also be present in individuals with 'normal' mitral annular early diastolic velocities. Abnormal relaxation mainly affects the basal parts of the myocardium, and in particular the septal and inferior walls, while the apical regions and the lateral wall are less affected.
Mitral annular inferior septal Ea 9.9 cm/s could be used as an indicator for the presence of segmental abnormal relaxation in individuals with normal global indices of DD.
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This study was supported by the National Institute for Health Research (NIHR) under the Biomedical Research Centre Scheme. Figure 4 Representative base to apex relation of early diastolic strain rate (SR) at the septal wall, in a middle-aged non-hypertensive individual with normal global diastolic dysfunction. Red, green, and blue regions of interest were placed at the basal, mid, and apical territories, respectively. Basal septal appears with lower SRe compared with the mid and apical regions. There is a progressive decrease of SRe from apical to basal direction (apical: 2.20/s vs. mid: 1.81/s vs. basal: 1.68/s) as depicted on the yellow circle.
